Abstract. Eutrophication is a widespread phenomenon that disrupts natural ecosystems around the globe. Despite the general recognition that ecosystems provide many services and benefits to humans, little effort has been made to address how increasing anthropogenic eutrophication affects those services. We conducted a field experiment to determine the effect of nutrient enrichment on five ecological services provided by a model coastal system, a shallow seagrass community near Mobile Bay, Alabama (USA): (1) the provision of shelter for fauna; (2) the quality of food provided to first-order consumers; (3) quantity of food provision to first-order consumers and O 2 /CO 2 exchange; (4) producer carbon and nitrogen storage, and (5) water clarity. The results showed a severe negative impact on seagrass density and biomass, which greatly reduced the structural complexity of the community and provision of shelter to fauna. Water clarity and the standing stock of producer carbon were reduced in the fertilized area in comparison with the control area. In contrast, nutrient addition did not affect in any consistent way the total quantity of food available for first-order consumers, the net exchange of O 2 /CO 2 , or the standing stock of producer nitrogen in the community. The nutritional quality of the food available for first-order consumers increased with fertilization. These results show that the impacts of nutrient enrichment on the services provided by natural systems may be disparate, ranging from negative to positive. These findings suggest that management policies for anthropogenic eutrophication will depend on the specific ecosystem service targeted. In the case of shallow seagrass beds, the loss of biogenic habitat and drastic impacts on commercially important fauna may be sufficiently alarming to warrant rigorous control of coastal eutrophication.
INTRODUCTION
Human activities are accelerating nutrient cycles and at least doubling the rate at which nitrogen and phosphorus enter global biogeochemical cycles (Vitousek et al. 1997) . Human industrial fixation of nitrogen is expected to increase from ,10 Tg/yr in 1950 to more than 135 Tg/yr in 2030 (Galloway et al. 1994) , and this nutrient surplus reaches natural systems resulting in anthropogenic eutrophication (Nixon 1995) . Eutrophication causes a number of impacts on ecosystems that may endanger their tangible benefits that support human welfare, which are generated directly or indirectly by ecosystem traits (Daily et al. 1997 , de Groot et al. 2002 . Examples of these benefits are carbon and nutrient sequestration (Luyssaert et al. 2008) , trophic support of harvestable organisms (Pauly and Christensen 1995) , the provision of shelter for juveniles and adults of commercially or recreationallyimportant species (Mumby et al. 2004 ) and the maintenance of clear and unpolluted air and water (Fabricius and De'ath 2004) . Many studies have addressed the effects of eutrophication on various ecosystem structural and functional characteristics but, despite the increasing appreciation of the many and diverse benefits that ecosystems provide (Costanza et al. 1997) , few studies have attempted to determine the cascading impacts on those benefits.
Prior research has shown eutrophication may have diverse effects on the structure and functioning of ecosystems. For instance, field experiments have demonstrated that nutrient addition may affect salt marsh communities by altering species composition and increasing productivity (Valiela et al. 1975 , Hunter et al. 2008 . Moderate nutrient pollution increases the severity of coral disease by enhancing pathogen virulence and fitness (Bruno et al. 2003) . Nutrient enrichment in the Alaskan tundra affects growth, flowering, and nutrient concentration of the dominant species (Chapin et al. 1995) . Because the structural and functional characteristics of ecosystems generate the services they provide, all these diverse effects of eutrophication on ecosystem structure and function suggest equally diverse impacts on ecosystem services, with some services being enhanced and others being unchanged or depressed. For instance, seagrass loss in shallow coastal systems with high nutrient pollution may lead to reduced abundance of commerciallyimportant fish species that preferentially recruit in seagrass beds (Cebrian et al. 2009a ), but carbon sequestration in the system appears to remain unchanged (Stutes et al. 2007) .
Our goal was to assess the effects of human-induced nutrient enrichment on a number of ecosystem services using a seagrass community as our model system. Seagrass communities provide important and well studied benefits to coastal systems (Duarte 2000 , Orth et al. 2006 . For instance, they form dense meadows with high biomass and structural complexity, which constitute suitable habitat for a great diversity of organisms (Heck and Crowder 1991) and juveniles of many fish species (Heck et al. 2003) . Seagrass meadows are also highly productive (Duarte and Chiscano 1999) and support large and complex food webs. Seagrass leaves, epiphytes, and benthic and pelagic microalgae are an essential trophic base for the organisms that live within or nearby the meadow (Moncreiff et al. 1992, Moncreiff and Sullivan 2001) . Seagrass meadows further accumulate large pools of above and, particularly, belowground biomass and detritus, thereby acting as significant reservoirs of carbon and nutrients in coastal waters Cebrian 1996, Romero et al. 1994) . Seagrass meadows are most often net autotrophic communities, where gross primary production exceeds community respiration, and act as important carbon sinks . The seagrass leaf canopy may slow water flow considerably and enhance particle sedimentation, thereby improving water quality and transparency (Hemminga and Duarte 2000) . It is well known that eutrophication can largely affect the structural and functional properties that generate all these many ecosystems services provided by seagrass communities (Duarte 1995 , Hauxwell et al. 2003 , rendering seagrass communities a good template for our goal.
We used different structural and functional traits as proxies to examine the effects of eutrophication on a number of services provided by seagrass communities (Fig. 1) . Seagrass leaf morphology and density, which are indicators of structural complexity in the seagrass community (Williams and Heck 2001) , and faunal abundance were used as proxies for the provision of shelter for fauna. We used gross primary production of the seagrass community as a proxy for the quantity of food provided to first-order consumers, since it sets a maximum limit to the amount of carbon made available to consumers through photosynthesis (Cebrian 2002) , and carbon : nitrogen ratios of the producers as a proxy for the quality of food provided to first-order consumers, since lower C:N ratios have been related to higher palatability (Sterner and Elser 2002) . System respiration and net production were used as proxies for O 2 /CO 2 exchange because they represent the net oxygen release or the net carbon fixed by the ecological communities (Duarte and Prairie 2005) . Stocks of producer carbon and nitrogen biomass were used as proxies for producer carbon and nitrogen storage in the system (Cebrian et al. 2009b) . Photosynthetically active radiation (PAR) irradiance on top of the seagrass canopy and concentration of particulate organic matter in the water-column were used as proxies for water clarity since they grossly describe the amount of light transmitted though the water column (Hauxwell et al. 2003) .
MATERIALS AND METHODS

Study site
The study was conducted in Sandy Bay (30822 0 28 00 N, 88815 0 22 00 N), a shallow semi-sheltered embayment located 20 km west of Mobile Bay, Alabama, USA. The site has muddy sediments, moderate freshwater input, large oscillations in turbidity, and moderate dissolved inorganic nutrient concentrations in the water column (average annual values of 0.13 lmol/L for nitrate, 0.89 lmol/L for ammonium, and 0.14 lmol/L for phosphate for 2005; data not shown). Mixed seagrass meadows composed of Halodule wrightii and Ruppia maritima populate the site. The meadows are highly dynamic, with R. maritima growth positively correlated with cool temperatures and natural senescence occurring during the summer after flowering, whereas H. wrightii sustains year-round growth that reaches maximum aboveground biomass by late summer, when temperature and irradiance are high (Dunton 1990) .
Experimental design and nutrient addition
To evaluate the effects of human-induced eutrophication on the targeted ecological services of this seagrass community we conducted a field experiment in which we added nitrogen and phosphorous (Osmocote fertilizer, 500 g/m 2 ; Scotts, Marysville, Ohio, USA) into the water column close to the bottom (i.e., 10 cm from the sediment) in order to mimic loading levels found in highly eutrophic systems. Fertilization was carried out when seagrass growth was expected to be high (20 April to 15 October 2005). In our experiment average DIN (NH 4 and NO 3 ) and PO 4 loading rates were 121 (ranging from 24 to 234) and 5.5 (ranging from 0.5 to 11.9) mmolÁm À2 Ád À1 , respectively. The N:P ratio molar ratio of the released fertilized was generally between 10 and 50. Explanations of how this loading rate was derived and comparisons with published loading rates are provided in Appendix A. Seven 30-m 2 (5 3 6 m) rectangular plots were established in a patchy mixed seagrass meadow (see Plate 1). Four of the plots were fertilized and located 250 m away from three control plots. Distance between consecutive plots was 7 m. We initially started the experiment with four control plots, but one of those plots was heavily shaded by a dock and we removed it from our analysis. We spaced control away from fertilized plots by a distance of 250 m to prevent cross contamination.
Measurements prior to starting our experiment (20 April) showed that, despite the patchy nature of the meadow studied, control and fertilized areas had similar seagrass density (t test between samples obtained in control and fertilized areas for H. wrightii, t ¼À0.438, m ¼ 5, P ¼ 0.68; for R. maritima, t ¼ 0.546, m ¼ 5, P ¼ 0.61; and for total seagrass density, t ¼ 0.12, m ¼ 5, P ¼ 0.91 [m ¼ degree of freedom]). Water-column salinity differed slightly between control and fertilized plots only on one sampling date prior to and during the experiment (Table  1 , Appendix B). Water-column temperature showed slight differences on four sampling dates, but those differences were not unidirectional (fertilized plots showed higher temperature than control plots on three dates, but lower on one date; Table 1 , Appendix B). Thus, control and fertilized plots did not show large, consistent differences in water-column salinity and temperature prior to and during our experiment.
Water-column depth differed consistently between fertilized and control plots, but those differences were minor (7 cm on average, Appendix B) and of no consequence for any of the ecological or biological responses to nutrient enrichment reported here. Thus despite not interspersing control and fertilized plots, our design represents a robust test of the impacts of fertilization on the targeted seagrass ecosystem services. The differences in the measured ecological variables and processes observed between control and fertilized areas should not be affected by pre-experimental environmental differences among the areas, but should rather be due to the effects of nutrient addition. This is also supported by the additional measurements done on 8 August and one year after finishing the experiment (see Results: Nursery and refuge for fauna).
Most Notes: Variables under study are grouped in environmental variables and five ecosystem services (nursery role, quality of food provision for first-order consumers, quantity of food provision for first-order consumers and O 2 /CO 2 , producer carbon and nitrogen storage, and water clarity). Bold values are significant at P , 0.05 when data (row or transformed) are normal and have equal variance and at P , 0.005 when one of these assumptions was violated (violations are indicated with daggers [ ]). Key to abbreviations: DM, dry mass; PAR, photosynthetically active radiation; chl, chlorophyl; AFDM, ash free dry mass; N, nitrogen; C, carbon; N 3 T, nutrients 3 time interaction.
Environmental variables
We collected 1-L water samples at mid-distance between the bottom and surface to measure dissolved inorganic nutrient concentrations (nitrate, ammonium, phosphate) following Strickland and Parsons (1972) modified for the Skalar Sanþ Autoanalyzer (Skalar, Breda, The Netherlands). Water depth was measured using a meter stick, and water salinity, temperature and dissolved oxygen were measured with a hand-held YSI-85 (YSI, Yellow Springs, Ohio, USA) also at mid-depth. All these measurements were taken around midday at each plot on each sampling day.
We measured oxygen concentration in control and fertilized plots in two additional ways. First, we measured oxygen concentration depth profiles in both types of plots using a portable oxygen probe . Second, we obtained continuous records of oxygen concentration at approximately 15 cm from the sediment surface in both types of plots in July and August (see Appendix C).
Proxies for ecosystem services
Nursery and refuge for fauna.-We measured seagrass morphology and density, and abundance of epifauna (i.e., crustaceans and small demersal fish) and infauna (i.e., polychaetes and bivalves) to estimate habitat value for fauna. For morphological measurements, plants were collected using quadrats (10 3 10 cm 2 ), brought to the laboratory where they were sieved and rinsed, and length and width of up to 10 leaves of each R. maritima and H. wrighti were measured. Leaf density and abundance of infaunal and epifaunal macroinvertebrates (i.e., amphipods, bivalves, and polychaetes) was assessed using a 15 cm diameter core. The abundance and diversity of large invertebrates (i.e., shrimp and blue crabs) and small demersal fish was assessed using a beam plankton trawl (BPT, mesh size of 1 mm). The trawls were always done along the same 10-m 2 section in each plot. Cores and quadrats were sampled within the same 6-m 2 section in each plot. Sampling locations for cores and quadrats were marked and avoided for subsequent sampling and, thus, were fairly scattered throughout the 6-m 2 section. Furthermore, the total area sampled with those cores and quadrats represented a very small fraction of the 6-m 2 section (3.48%). As such, there should not be any ''carry-over'' effects of seagrass removal on subsequent sampling.
Quality of food provision for first-order consumers.-We use C:N mass ratios as a proxy for the nutritional quality of producers for first-order consumers (Sterner and Elser 2002, Cebrian et al. 2009b ). Samples of seagrass leaves, belowground organs (rhizomes and roots) and epiphytes were obtained from the 10 3 10 cm 2 quadrats used for morphological measurements. Quantity of food provision for first-order consumers and O 2 /CO 2 exchange.-System (water column þ benthic) gross primary production was used as a proxy for the magnitude of food provision to first-order consumers. System respiration and net production (system gross primary production minus respiration) were used as proxies for CO 2 release/uptake, and thus the potential for the system as a carbon source/sink. We used the oxygen evolution method to quantify these processes (Stutes et al. 2007 . The measurements were done in each plot on each sampling date in a section different from the BPT and coring sections. Water was siphoned into two 300-mL biological oxygen demand (BOD) bottles (one clear and one dark; see Plate 1) in each plot and the oxygen concentration (mg/ L) of the water in the bottles (i.e., concentrations at the start of the incubation) measured using a HQ 10 Hach Portable LDO oxygen meter (Hach, Dusseldorf, Germany). The bottles were anchored with PVC poles at the seagrass canopy level for incubation. Two benthic chambers (clear and dark) were deployed on the bottom of each plot simultaneously with the bottles. The chambers were bell shaped, with a diameter of 17.5 cm and a height of 16.0 cm, encompassing 0.032 m 2 of bottom area. Bottles and chambers were incubated for 3-4 hours around midday and final water oxygen concentrations were recorded. From the measurements of initial and final water oxygen concentrations, water column (WNP) and benthic net production (BNP), and respiration (WR, BR) were calculated in mg CÁm À2 Áh À1 . We assessed the benthic rates by removing the contribution of the overhead water enclosed in the chambers. Water-column rates were integrated with depth. The equations used were
where I cb and F cb are the initial and final water oxygen concentrations in the clear bottle, I db and F db are the initial and final water oxygen concentrations in the dark bottle, I cc and F cc are the initial and final water oxygen concentrations in the clear chamber, I dc and F dc are the initial and final water oxygen concentration in the dark chamber (all concentrations in mg O 2 /L), D is water depth (m), t is incubation time (h), Q P and Q r are photosynthetic and respiratory quotients (1.2 and 1; Strickland and Parson 1972) , C is oxygen/carbon conversion factor of 0.375 mg C/mg O 2 , V is the volume (L) of the overhead water enclosed in the chamber, and A (m 2 ) is the bottom area covered by the chamber. Initial oxygen concentrations in the chambers (I cc and I dc ) were equated to the initial concentrations of the corresponding bottles (I cb and I db ) in the same plot.
We derived water column and benthic gross primary production (WGPP and BGPP) as the sum of net production and the absolute value of respiration:
We derived system gross primary production, respiration, and net production (SGPP, SR, and SNP) by adding up the values for the water-column and benthos:
Producer carbon and nitrogen storage.-We derived stocks of producer carbon and nitrogen biomass as an indicator of carbon and nitrogen storage by producers. Seagrass (above-and belowground) biomass (g DM/m
2 ) was measured with the 15 cm diameter core used for seagrass leaf density and abundance of infaunal and epifaunal macroinvertebrates. Epiphyte biomass on an areal basis (g DM/m 2 ) was derived by combining leaf density with measurements of epiphyte biomass per leaf (obtained from the 10 3 10 cm 2 quadrat). We used chlorophyll concentration (mg chl a/m 2 ) to estimate the biomass of phytoplankton and benthic microalgae. A portion (100 mL) of the water collected for nutrient analysis was filtered through a 47-mm Whatman GF/F filter. We also sampled the top centimeter of sediment with a small core (3 cm in diameter) at each plot on each sampling day. Chlorophyll a was extracted using 10 and 25 mL, respectively, of a 2:3 mixture of dimethyl sulfoxide (DMSO) : 90% acetone (Shoaf and Lium 1976) and measured fluorometrically with the nonacidification method (Welschmeyer 1994) .
Seagrass and epiphyte carbon and nutrient biomass was derived by combining the measurements of biomass on a dry mass basis (g DM/m
2 ) with the ratio of C and N to DW obtained with the CHN Carlo Erba autoanalyzer. For microalgae, we estimated carbon biomass from our measurements of chlorophyll concentration using the conversion value of 55 g C/g chl a (Gasol et al. 1997 , MacIntyre et al. 2002 . From our estimates of carbon biomass, we further estimated nitrogen biomass using C:N ratios for microalgae derived from the literature (5.7 g C/g N for phytoplankton [Redfield 1958 ]; 5.6 g C/g N for microphytobenthos [Hillebrand and Sommer 1999] ).
Water clarity.-We measured PAR irradiance and concentration of particulate organic matter (POM) in the water column as indicators of water clarity. PAR irradiance was measured at the top of the seagrass canopy (approximately 20 cm from the sediment surface) at each plot on each sampling day using a LI-COR LI-1400 data logger connected to a LI-193SA spherical cell (LI-COR, Lincoln, Nebraska, USA). We restricted our measurements of PAR irradiance to the top of the seagrass canopy because we wanted to see how fertilization affected the absolute magnitude of photosynthetically usable light reaching the seagrasses. Measurements of PAR irradiance in all plots were done under identical (or very similar) weather (calm and sunny) and depth (i.e., water-column depth barely changed from the start to the end of the spherical cell readings). Thus, our measurements of PAR irradiance should reflect differences in water clarity among plots and how those differences affect the quantity of light available for photosynthesis. POM concentration (mg/ L) was measured by filtering 400 mL of the water collected for nutrient analysis, through a GF/F filter. The filters were dried at 808C, weighed, ignited in a muffle furnace, reweighed, and POM concentration derived as the mass lost with ignition divided by the volume of water filtered.
Statistical analysis
Two-way repeated-measures ANOVA (RMANOVA) was used to analyze the effect of nutrient enrichment through time because we repeatedly sampled the same seagrass plots (Quinn and Keough 2002) . Nutrient enrichment was the among-subject factor and time the within-subject factor. If the interaction between nutrient enrichment and time was significant, post hoc Tukey tests were carried out between fertilized and control plots separately for each sampling date. Significant differences found in the post hoc analysis were depicted with asterisks in the figures. To analyze how nutrient enrichment affected the morphology (length and width) and C:N ratios of H. wrightii and its epiphytes, we pooled data for the months of April, May, and June (the seagrass was relatively scarce during those months and virtually absent in the fertilized plots after June), and compared control and fertilized plots with t tests or Mann-Whitney tests. Both tests were done at a(2) ¼ 0.05 and reported in Results (i.e., t statistic, degrees of freedom (m), and P value for t tests; U statistic, sample sizes of the two groups compared (n 1 and n 2 ), and P value for Mann-Whitney tests). Mean 6 SE are shown for the variables with significant results on the nutrient addition and no significant interaction between nutrient addition and time.
RESULTS
Environmental variables
Despite the high nutrient loading rates delivered in the fertilized plots (Appendix A), nutrient concentrations in the water column were higher in fertilized than in control plots only on the last sampling date. This was indicated by the significant interaction between nutrient addition and time (Table 1) . Water-column salinity differed slightly between control and fertilized plots only on one sampling date (Table 1, Appendix B). Slight differences in water-column temperature and oxygen concentration were found between control and fertilized plots on a number of dates, and those differences were not consistent (i.e., higher values in fertilized plots on some dates, but vice-versa on others; Table 1 , Appendix B). Water-column depth differed consistently between fertilized and control plots, but those differences were minor (7 cm on average, Appendix B) and of no significant consequence for the ecological variables and processes measured. All our measurements of oxygen concentrations show that we never encountered anoxic (,2 mg/L) conditions in either type of plot with most values being .4 mg/L (Appendix B, C).
Proxies for ecosystem services
Nursery and refuge for fauna.-R. maritima and H. wrightii morphological parameters (leaf length and width) did not show any significant differences due to the addition of nutrients (R. maritima RMANOVA results in Table 1 ; t test for H. wrightii length t ¼À2.318, m ¼ 7, P ¼ 0.054 and width t ¼À0.361, m ¼ 7, P ¼ 0.729). Leaf density of R. maritima declined in both control and fertilized plots due to natural senescence ( Fig. 2A) . Fertilization seemed to influence that decline, with the decline for fertilized plots appearing larger than for control plots (i.e., significant interaction between nutrient addition and time; Table 1), although post hoc Tukey tests did not reveal any significant contrasts between control and fertilized plots on any of the sampling dates. The impact of fertilization on H. wrightii leaf density was more ostensible, with fertilized plots displaying significantly lower densities than control plots on most sampling dates (Table 1, Fig. 2B) . Indeed, H. wrightii was virtually absent in fertilized plots from July through the end of the experiment, but not in the control plots. Total leaf density reflected the combined responses of the two seagrass species (Table 1 , Fig. 2C) ; it did not differ significantly between control and fertilized plots on most sampling dates during the first half of the experiment (April-June) where R. maritima was dominant in the meadow, but it was virtually nil in fertilized plots throughout the second half of the experiment (July-September) where R. maritima had disappeared due to senescence and fertilization led to the loss of H. wrightii.
To confirm that the decline in H. wrightii and total leaf density was due to fertilization, we took three extra cores at distances between 20 m and 80 m from fertilized plots on 8 August 2005. H. wrightii and total leaf density in those locations were similar to those in control plots (Mann-Whitney test for H. wrightii density U ¼ 4, n 1 ¼ 3,
FIG. 3. (A-C) Mean (þSE) abundance of (A) amphipods, (B) bivalves, and (C) polychaetes collected with cores. (D-H)
Abundance of (D) pipefish, (E) shrimp, (F) blue crab, (G) pinfish, and (H) total fish collected with a Beam Plankton Trawl. Black bars represent control plots, and gray bars represent fertilized plots. Asterisks (*) denote significant differences (P , 0.05) between control and fertilized plots obtained with post hoc Tukey tests. n 2 ¼ 3, P ¼ 1 and t test for total seagrass density t ¼ 4, m ¼ 4, P ¼ 0.93; Fig. 2B, C) . Furthermore, control and formerly fertilized plots had similar seagrass leaf density one year after we concluded the experiment and stopped fertilizing the plots (September 2006, t test for H. wrightii, t ¼ 0.76, m ¼ 4, P ¼ 0.48, Mann-Whitney test for R. maritima U ¼ 6, n 1 ¼ 3, n 2 ¼ 3, P ¼ 0.7 and t test for total seagrass density t ¼ 0.7, m ¼ 4, P ¼ 0.52, Fig. 2A-C) .
Amphipod abundance was lower in fertilized than in control plots on the first sampling date, but not throughout the rest of the experiment where low abundances both in control and fertilized plots were found, as indicated by the significant interaction between nutrient addition and time (Table 1, Fig. 3A) . Bivalve abundance was persistently lower in fertilized than in control plots throughout the experiment (i.e., mean 6 SE in control plots, 51.78 6 7.7 individuals/m 2 , and fertilized plots, 27.41 6 6.7 individuals/m 2 ; Table 1 , Fig. 3B ). For polychaetes, pipefish, shrimp, and blue crab, lower abundances were found in fertilized than control plots only in the second half of the experiment (i.e., significant interaction between nutrient addition and time; Table 1 , Fig. 3C-F) . We did not find a significant effect of fertilization on pinfish abundance (Table 1, Fig. 3G ). We caught very few pinfish and all of them were shorter than 100 mm SL. Nutrient enrichment did not have a consistent effect on total fish abundance, with higher values found in fertilized plots at the beginning of the experiment and vice versa toward the end of the experiment as indicated by the significant interaction term between nutrient addition and time (Table 1, Fig. 3H) .
Quality of food provision to first-level consumers.-The C:N ratio of R. maritima leaves showed a significant reduction (control, 19.18 6 0.49; fertilized, 15.33 6 0.38) under nutrient addition on all the dates where this variable was measured (Table 1, Fig. 4A ). However, this was not the case for its roots and rhizomes (Table 1, Fig.  4B ). Epiphytes on R. maritima leaves also showed a lower C:N ratio under nutrient addition on all sampling dates (control, 14.72 6 0.73; fertilized, 7.98 6 0.61; Table 1 , Fig. 4C ). Fertilization decreased the C:N ratio of H. wrightii epiphytes (t test, t ¼ À6.8, m ¼ 7, P ¼ ,0.001), but not of its leaves (Mann-Whitney, U ¼ 16,
Quantity of food provision for first-order consumers and O 2 /CO 2 exchange.-Our values of benthic gross primary production were lower, although not significantly so, in fertilized than in control plots throughout the experiment (Table 1, Fig. 5A ). Higher values of water-column gross primary production were found in control plots on the first sampling date, but in the fertilized plot on the last sampling date, as indicated by the significant interaction between nutrient addition and time (Table  1, Fig. 5B ). Controls plots showed higher systemintegrated gross primary production than fertilized plots on the first sampling date, but no other significant differences in system-integrated gross primary production were found between control and fertilized plots (Table 1, Fig. 5C ).
Fertilization decreased benthic respiration significantly throughout the experimental period (control, À32.16 6 2.57 mg CÁm À2 Áh À1 ; fertilized, À14.64 6 2.06 mg CÁm À2 Áh
À1
; Table 1 , Fig. 5D ). No significant differences in water-column respiration were found between control and fertilized plots, although values were often higher in fertilized than in control plots (Table 1, Fig. 5E ). Fertilization did not affect system-integrated respiration, with control and fertilized plots displaying similar values (Table 1, Fig. 5F ).
Fertilized plots appeared to display lower values of benthic net production on all sampling dates except the last one (Table 1, Fig. 5G ), although post hoc Tukey tests did not reveal any significant differences between control and fertilized plots on any of the sampling dates. Water-column net production was higher on control FIG. 4 . Mean (þSE) atomic C:N ratio for (A) aboveground and (B) belowground Ruppia maritima and (C) leaf-associated epiphytes. Black and gray bars correspond to control and fertilized plots, respectively. than on fertilized plots on the first sampling date, but vice-versa on the last sampling date, as indicated by the significant interaction between nutrient addition and time (Table 1, Fig. 5H ). Control plots showed higher system-integrated net production than fertilized plots on the first two sampling dates, but lower on the last sampling date (Table 1, Fig. 5I ).
Producer carbon and nitrogen storage.-Differences in R. maritima total biomass between control and fertilized plots were found only on the first sampling date (5 May), where fertilized plots exhibited higher values than control plots (Table 1, Fig. 6A ). However, R. maritima total biomass decreased precipitously thereafter in both kinds of plots to reach practically nil values by midsummer. Thus, fertilization did not have a consistent, prolonged impact on R. maritima total biomass due to summer senescence. In contrast, H. wrightii total biomass was lower in fertilized than in control plots throughout the experiment (control, 4.41 6 0.29 g DM/ m 2 ; fertilized, 0.45 6 0.24 plots g DM/m 2 ; Table 1 , Fig.  6B ). Accordingly, total seagrass biomass (the sum of total biomass for the two species) did not differ significantly between control and fertilized plots on most sampling during the first half of the experiment (April-June) where R. maritima was dominant in the meadow, but it was much larger in control plots (i.e., virtually nil in fertilized plots) throughout the second half of the experiment (July-September) where R. maritima had disappeared due to senescence and fertilization led to the loss of H. wrightii (Table 1, Fig.  6C ).
Epiphyte biomass was lower in fertilized than in control plots throughout the experiment (control, 1.008 6 0.106 g DM/m 2 ; fertilized, 0.394 6 0.082 g DM/m 2 ; Table 1 , Fig. 7A ). Water-column chl a concentration was higher in fertilized than control plots on all sampling dates except two (significant interaction between nutrient addition and time; Fig. 7C ). When the measurements of FIG. 5. Short-term metabolic rates. Mean (þSE) (A) benthic gross primary production, (B) water-column gross primary production, (C) system-integrated gross primary production, (D) benthic respiration, (E) water-column respiration, (F) systemintegrated respiration, (G) benthic net production, (H) water-column net production, and (I) system-integrated net production. Black and gray bars represent control and fertilized plots, respectively. Asterisks ( * ) denote significant differences (P , 0.05) between control and fertilized plots obtained with post hoc Tukey tests. seagrass and epiphyte biomass on a dry mass basis and microalgal chl a concentrations were converted into estimates of stocks of producer carbon and nitrogen biomass, we found the stock of producer carbon biomass tended to decrease with fertilization as seagrass abundance decreased and microalgal abundance increased. We did not find significant differences between control and fertilized plots in May (due to little seagrass loss in fertilized in comparison with control plots) and in July (due to relatively low values of seagrass biomass in control plots resulting from patchiness in the seagrass bed), but a tendency toward a smaller stock of producer carbon biomass as the seagrass bed was fertilized is apparent (i.e., much lower values in fertilized plots in June and August as indicated by the significant interaction between nutrient addition and time; Table  1 , Fig. 8A ). This tendency was not observed with the stock of producer nitrogen biomass, which was never significantly lower in fertilized than in control plots throughout our experiment. As a matter of fact, the stock of producer nitrogen biomass was significantly higher in fertilized plots in May, where fertilized plots FIG. 6 . Mean (6SE) total (above-and belowground) (A) Ruppia maritima biomass, (B) total Halodule wrightii biomass, and (C) total seagrass biomass. Dark circles correspond to control plots, gray circles to fertilized plots, and the open square to the samples obtained 20-80 m from fertilized plots. Asterisks (*) denote significant differences (P , 0.05) between control and fertilized plots obtained with post hoc Tukey tests. Dotted lines represent the beginning and the end of the experiment. DM stands for dry mass.
had significantly higher microalgal biomass but still little seagrass loss, and in July, where fertilized plots also had significantly higher microalgal biomass and relatively low seagrass biomass was sampled in the control plots due to bed patchiness (Table 1, Fig. 8B) .
Water clarity.-POM concentration was higher in the water-column of fertilized plots throughout the experiment (control, 0.0088 6 0.0003 mg AFDM/L; fertilized, 0.012 6 0.0002 mg AFDM/L; Table 1, Fig. 9A ). PAR at the top of the seagrass canopy was significantly lower in fertilized than in control plots throughout the experiment (Fig. 9B) , although the extent to which PAR was lower in the fertilized plots varied depending on the sampling date as revealed by the significant interaction between nutrient addition and time (Table 1) .
DISCUSSION
Nutrient enrichment alters the structure and functioning of ecosystems in diverse ways (e.g., Vitousek et al. 1997 , Bruno et al. 2003 . Thus, we expected that the impacts of fertilization on ecosystem services would also be diverse and a consequence of the specific impacts on the structural and functional characteristics driving the service. In our study, some services were enhanced by eutrophication (i.e., quality of food provided to firstorder consumers), some remained unchanged (e.g., quantity of food provided to first-order consumers, nitrogen storage as producer biomass, short-term O 2 / CO 2 exchange), and some were depressed (i.e., provision of refuge for fauna, water clarity, carbon storage as producer biomass).
The structural complexity of the system was greatly reduced in the fertilized plots (e.g., low densities and biomass of H. wrightii and epiphytes), which in turn had a remarkable negative impact on associated fauna. FIG. 7 . Mean (þSE) (A) epiphyte biomass, (B) watercolumn chl a concentration, and (C) sediment chl a concentration per surface unit. Black and gray bars represent control and fertilized plots, respectively. Asterisks (*) denote significant differences (P , 0.05) between control and fertilized plots obtained with post hoc Tukey tests. These impacts were most noticeable in the second half of the experiment, when seagrass was virtually absent in fertilized plots. Accordingly, many previous studies have found low faunal abundance in coastal systems with reduced structural complexity (Hughes et al. 2002 , Heck et al. 2003 , Vanderklift and Jacoby 2003 . These results suggest that depressed biogenic habitat may drastically affect food webs and commercial fisheries in coastal systems (Cebrian et al. 2009a) .
The absence of H. wrightii in the fertilized plots warrants some discussion. Fertilization could have increased respiration in the interstitial pore-water of the sediment, thereby dramatically decreasing oxygen concentrations and inducing large accumulations of sulfide that are harmful for seagrass growth (Terrados et al. 1999 , Holmer et al. 2005 ). We did not measure porewater sulfide concentration in our study plots, but measurements done in the same meadow during summer of 2005 under ambient conditions showed levels that are potentially toxic for seagrasses (average of 204 lmol/L; Booth and Heck 2009 ). In addition, high DIN inputs can be toxic for H. wrightii (Burkholder et al. 1994 ) and such toxicity may be exacerbated with high temperatures and/or reduced light availability Burkholder 2000, Touchette et al. 2003) . Most of our experiment took place during the summer, when water temperature was elevated and light intensity at the bottom of fertilized plots could have been undersaturating for H. wrightii at times during the experiment ( Fig. 9 ; Dunton 1996 reports a saturation irradiance value of 319 lmol photonsÁm À2 Ás À1 for H. wrightii ). Hence, the combined impacts of sulfide accumulation in the sediment and water-column DIN toxicity, perhaps exacerbated by high temperatures and low light availability at times, appears to be a possible explanation for the absence of H. wrightii in the fertilized plots (Calleja et al. 2006 ). We did not find higher epiphytes loads on H. wrightii leaves (mg epiphyte dry mass per cm 2 of leaf ) FIG. 8 . Mean primary producer (A) carbon and (B) nitrogen standing stocks. Asterisks (*) denote significant differences (P , 0.05) between control and fertilized plots obtained with post hoc Tukey tests. Key to abbreviations: C, control; F, fertilized.
in fertilized than in control plots, suggesting that reduced light availability by epiphyte build up under nutrient enrichment was not a plausible cause for the observed absence of H. wrightii in fertilized plots. As a matter of fact, epiphyte loads on H. wrightii leaves from April to June were lower in fertilized than in control plots (two-way repeated-measures ANOVA; nutrient P ¼ 0.017, time P ¼ 0.49, interaction P ¼ 0.154), which rather hints toward toxic impacts of high DIN loading on both the seagrass and its epiphytes.
Yet seagrasses in our fertilized plots recovered fully within a year after fertilization ceased, suggesting that the negative effects of eutrophication on highly dynamic seagrass beds may be effectively and quickly reversed by reducing nutrient enrichment. However, this may be the case only if donor meadows, which could supply seeds and also new plants through rhizome elongation, exist nearby the affected area (Olensen et al. 2004 ). In our case, the area denuded of seagrass due to fertilization was closely surrounded by the intact meadow, which probably explains why full recovery was observed only one year after ceasing fertilization.
Along with the decrease in seagrass abundance, we observed an increase in the abundance of benthic and pelagic microalgae. Besides reduced structural complexity and provision of refuge for fauna, this shift in the community of primary producers has implications for the structure and functioning of the system. The shift does not seem to alter greatly the short-term rates of system-integrated gross primary production. Although not significantly so, values of benthic gross primary production were lower in fertilized than in control plots, in accordance with past results that show smaller benthic gross primary production for bare sediment populated by microphytobenthos than for seagrass beds (Stutes et al. 2007 ). Values of water-column gross primary production were higher in fertilized than in control plots in the second half of the experiment, which may be due to higher water-column chlorophyll concentrations in fertilized plots. Thus, although the differences were not always statistically significant, these results suggest that fertilization, by reducing seagrass and promoting microalgae, decreases gross primary production in the benthos but increases it in the water column. Since the overall decrease in benthic gross primary production is of similar magnitude to the overall increase in water-column gross primary production, we do not find a large and consistent impact of fertilization on system-integrated gross primary production. These results suggest that the total quantity of food available to first-order consumers, for which systemintegrated gross primary production is a proxy, is not greatly affected by nutrient enrichment in the system studied. Nevertheless, despite the possibility that the total quantity of food produced for first-order consumers may remain largely unaltered, the primary producers generating that food do change profoundly in our experiment, which will undoubtedly influence the community of first-order consumers. Thus, we would also expect large changes in the community of first-order consumers, and possibly higher in the food web, along with the radical shift in dominant primary producers observed in our experiment (Mattila et al. 1999, Osterling and Phil 2001) .
Although eutrophication does not seem to affect the absolute quantity of food provided to first-order consumers, it does affect its quality. The C:N ratios of R. maritima leaves and epiphytes from both seagrass species decreased with fertilization, which should increase their nutritional quality and made them more palatable for FIG. 9 . Mean (6SE) (A) particulate organic matter (POM) concentration in control and fertilized plots and (B) photosynthetically active radiation (PAR) irradiance in control and fertilized plots. Solid black circles correspond to control plots, and solid gray circles to fertilized plots. Asterisks (*) denote significant differences (P , 0.05) between control and fertilized plots obtained with post hoc Tukey tests. Dotted lines represent the beginning of the experiment.
first-order consumers (Cebrian 1999 , Sterner and Elser 2002 , Goecker et al. 2005 ). Furthermore, microalgae, which accounted for most or virtually all primary producer biomass in fertilized plots for most of the experiment, have lower C:N ratios than H. wrightii and R. maritima, thereby increasing the overall quality of food available for first-order consumers. This change toward dominance by microalgae suggests that, although the magnitude of gross primary production in the system did not seem to change in a consistent way with fertilization, the fraction of that production consumed by herbivores, decomposed or exported from the system would increase since microalgae normally experience higher rates of herbivory, decomposition, and export than do seagrasses Cebrian 1996, Cebrian 1999) . Thus, although experimental fertilization did not seem to largely alter the absolute magnitude of primary production in the system, it may have profoundly altered its trophic fate. Higher rates of absolute consumption by first-order consumers in the system or elsewhere as microalgae are exported could imply larger production of higher-order consumers, which eventually might result in more productive recreational and commercial fisheries (Cebrian et al. 2009b ). This, however, could be swamped by the loss of biogenic habitat and the change in first-order consumer identity that would follow the shift in primary producers.
Despite the high loading rates imposed in the fertilized plots, water-column DIN concentrations were higher in fertilized than in control plots only on the last sampling date. The fertilizer was delivered within the seagrass canopy (approximately 10 cm from the bottom), whereas the water-column samples were taken at middepth. Our observations show this loading was partially incorporated and retained by the community of primary produces (i.e., decreased seagrass and epiphyte C:N ratios and replacement of seagrasses by microalgae), with a fraction of that loading being most likely exported out of the plots through water advection.
Seagrass reduction probably explains why benthic respiration was significantly lower in fertilized than in control plots throughout the experiment (Barron et al. 2004 , Stutes et al. 2007 ). Though not significantly, fertilized plots often showed higher values of watercolumn respiration than control plots, possibly from higher water-column chlorophyll a concentrations. Therefore, in accordance to what is observed for system-integrated gross primary production, we do not find a large and consistent effect of fertilization on system-integrated respiration in our study. The lack of large and consistent effects of eutrophication on systemintegrated gross primary production and respiration leads to also a lack of a large and consistent effect on system-integrated net production. These results suggest that the drastic shift in the community of primary producers to microalgal dominance caused with nutrient enrichment may not change in any consistent way the uptake of CO 2 and release of O 2 by the system, and thus it may not modify the role of the system as a sink for carbon. Other across-system comparisons also suggest that, although eutrophication may change the community of primary producers from seagrass to algal dominance, it does not necessarily lead to altered carbon sequestration by the system Sand-Jensen 1996, Stutes et al. 2007 ).
The increase in microalgae does not compensate for the decrease in seagrasses in terms of areal producer carbon biomass, such that we find a decline in the stock of carbon stored as producer biomass in the system. Interestingly, this is not the case for the stock of producer nitrogen biomass. Due to the lower body C:N ratios for microalgae in comparison with seagrasses (Duarte 1992 , Cebrian 1999 , the increase in microalgae does offset, and even overcomes at times, the decrease in seagrasses in regards to areal producer nitrogen biomass, such that the stock of nitrogen stored as producer biomass in the system does not decrease, and may even increase, despite the shift in the producer community. We did not measure the C:N ratios of microalgae in control and fertilized plots and just derived these calculations using common conversion factors for both control and fertilized conditions. Fertilization most likely decreased the C:N ratios of microalgae (Sterner and Elser 2002) , which would further strengthen our conclusions. Despite a smaller stock of producer carbon, system-integrated gross primary production remains unchanged in the system studied as eutrophication leads to microalgal dominance. This suggests faster carbon turnover rates through the community of primary producers as the community shifts to algal dominance under nutrient enrichment (Cebrian 1999) . This should also be the case for nitrogen turnover rates through the community of primary producers because microalgae have shorter life spans than seagrasses (Marba et al. 2007 ) and, thus, the similar producer nitrogen stocks found under control and fertilized conditions should turn over faster under fertilized conditions. Because producers account for most of total carbon and nitrogen storage in ecosystems (Cebrian et al. 2009b) , our results further suggest the shift in the community of primary producers to microalgal dominance induced with nutrient enrichment renders the system a smaller carbon reservoir, but not necessarily a smaller nitrogen reservoir, although consumers need to be considered for a complete evaluation of total carbon and nitrogen storage in ecosystems.
We show that nutrient addition had a negative impact on water clarity. The concentration of POM in the water-column was higher in fertilized than in control plots, probably from an increase in phytoplankton abundance and reduced sediment stabilization following seagrass loss (Hemminga and Duarte 2000) . In turn, this increase resulted in up to 30% less PAR irradiance at the bottom of fertilized in relation to control plots. Since clean and clear coastal waters are one of the pillars of the tourist industry, reductions in water clarity due to eutrophication could diminish local economies and human welfare.
Prior studies also indicate eutrophication may have diverse effects on ecosystem services. A shift in the community of primary producers to algal dominance in detriment of rooted macrophytes following eutrophication has been found in many other shallow aquatic systems (Duarte 1995 , Havens et al. 2001 , Hauxwell and Valiela 2004 . In turn, such a shift often results in depressed habitat quality for organisms through reduced structural complexity and/or poorer environmental conditions , Havens et al. 2001 . Consequently, many commercially important species of finfish and shellfish that use beds of aquatic macrophytes as preferred habitat become less abundant as algae replace the macrophytes under nutrient enrichment (Hauxwell et al. 1998 , Cebrian et al. 2009a . In contrast, the impacts of such replacement on the total primary productivity of the system, and thus potentially on the provision of food to first-order consumers, seem to be more disparate; depending on how the decrease in productivity by rooted macrophytes compares with the increase in algal productivity, the total primary productivity of the system may decrease, increase or remain unaltered (Valiela 1995, Borum and Sand-Jensen 1996) . Not surprisingly, nutrient addition in aquatic systems already dominated by algae normally increases the total primary productivity of the system (Nixon 1986 , Valiela 1995 . Hunter et al. (2008) compiled studies of fertilization in marshes and found that nutrient addition increased summer peak plant biomass substantially in some marshes, whereas the impact was modest and even undetectable in some other marshes, regardless of whether the marshes were dominated by one or several species or whether fertilization induced changes in species dominance. These results suggest nutrient addition may increase plant productivity, and thus the provision of food to first-order consumers, to a large extent in some marshes, but not so much in others. This is in accordance with what is observed when algae replace rooted macrophytes in shallow aquatic systems. Other studies have provided evidence that the impact of eutrophication on carbon sequestration by a system may vary depending on the impacts on gross primary production and respiration in the system. For instance, Valiela (1995) showed that system net production (the difference between system gross primary production and respiration and, thus, an indicator of carbon sequestration) increased substantially when algal beds replaced seagrass beds in Waquoit Bay (Massachusetts, USA) following intense eutrophication because the increase in system gross primary productivity largely exceeded that in respiration. Conversely, fertilization decreased carbon sequestration in a tundra ecosystem in Toolik Lake (Alaska, USA) because the increase in decomposition and respiration of organic matter in the soil induced by higher nutrient availability was greater than the increase in gross primary production (Mack et al. 2004 ).
CONCLUSION
Unfortunately, there has not been enough research to attempt strong generalizations or predictions of how nutrient enrichment may impact the benefits and services provided by ecosystems. Research on such impacts is incipient and more effort should be devoted to it given its importance for the understanding and management of the worldwide problem of anthropogenic eutrophication. Nonetheless, our results and indications from prior research allow us to infer that the effects of eutrophication on ecosystem services can be diverse (ranging from positive to negative) and will depend on the ecosystem composition, location and magnitude of the eutrophication. The world human population is expected to reach 9 billion by 2050 (U.S. Census Bureau 2009) and coastal nutrient loading rates are expected to increase worldwide along with human density (Nixon 1995) . The effects of rising nutrient pollution on the benefits that humans obtain from natural ecosystems will vary depending on the targeted benefit. Thus, the design of policies to manage coastal ecosystems under increasing eutrophication will depend on what ecosystem services are regarded as priorities by policy makers.
